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?1? ??
???????????????????????????????????????
???? (subgraph isomorphism)????? (graph simulation)???????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????NP????????????????
????????????????????????????????????????
?????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????P = (Vp, Ep)???????
??K ⊆ Vp?????????????K ???????? Vp???????????
???????????????????????????????????????
1.1?????????????????????????? 1????????????
?????????????????????????????????
? 1.1: ????????????????????????????
????????? 1.2???????????? P ???????G??????
1.2?????u1????u2????u3???????? 1.3? (a)??????????
????(b)?????(c)????????u1???????????????????
??????u1?????????????????????????????????
???????????????????????????????? s1??? s2???
???????????s1????????????? c2? c3???????????
???? 1.3(c)????????????????????????????????
1.3(a)?????? c2? c3????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????? 1.3(c)? 1??????? 1.3(b)? 1??? 2??????????
????????????????????????????????????????
?????????????????????????????????????????
1
? 1.2: ????????????????
? 1.3: ????????????
????
??????????????????????????????Ullmann?????
?????????????????????? [10]??????NP?????????
?????????????????????????????VF2 [7], QuickSI [9],
GraphQL [3], CFL-Match [1]???????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????? [11]????3???????????????QuickSI?????
???????????????????????????????????
?????????????????????????????? [4]????????
?????????????????????? [2, 6]????????????????
??????????????????????????????????
2
?????
????????????????2??????????????????????
????3????????????????????????????????????
??????????4??????????????????????5???????
?????????6???????????????????
3
?2? ???
?????????????????????G = (V,E)????????V ????
???E??????????????????????????????? u????
? v????? l??????? u l→ v??????? v????????????
In(v)?v?????????????Out(v)????v???????????????
???? labin(v)?????????labin(v) = {l | u l→ v ∈ In(v), u ∈ V }??????
??v???????????????????? labout(v)?????????
labout(v) = {l | v l→ u ∈ Out(v), u ∈ V }????
????????????????????????????P = (Vp, Ep)?????
????G = (V,E)???????????????????????????????
??????
?????????????? u l→ u′ ∈ Ep??????? f(u) l→ f(u′) ∈ E????
????????????? f : Vp → V ??????
????????? S ⊆ Vp × V ????? u l→ u′ ∈ Ep??????????????
??????
• ?? (u, v) ∈ S????(u′, v′) ∈ S????? v l→ v′ ∈ E??????
• ?? (u′, v′) ∈ S????(u, v) ∈ S????? v l→ v′ ∈ E??????
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?3? ????
3.1 ???????????????????????
???????????????????????????????????????
?????? P = (Vp, K,Ep)?????????????((Vp ∪K), Ep)?????
Vp ∩K = ∅????K?????????????????????????K????
????????????????? Vp??????????????f : K → V ??
??S ⊆ Vp × V ???????????????? P = (Vp, K,Ep)???????
G = (V,E)?????? (f, S)????????????(f, S)? P ?G??????
• ???? u l→ u′ ∈ Ep???????????????
– u ∈ K ????f(u) = v????f(u′) = v′?u′ ∈ K ??????? (u′, v′) ∈ S
?u′ ∈ Vp???????????? v l→ v′ ∈ E??????
– u ∈ Vp????? (u, v) ∈ S?????f(u′) = v′?u′ ∈ K ?????????
(u′, v′) ∈ S?u′ ∈ Vp???????????? v l→ v′ ∈ E??????
• ???? u′ l→ u ∈ Ep???????????????
– u ∈ K ????f(u) = v????f(u′) = v′?u′ ∈ K ??????? (u′, v′) ∈ S
?u′ ∈ Vp???????????? v′ l→ v ∈ E??????
– u ∈ Vp????? (u, v) ∈ S?????f(u′) = v′?u′ ∈ K ???????
(u′, v′) ∈ S?u′ ∈ Vp???????????? v′ l→ v ∈ E??????
P ?G?? (f, S)??????? P ?G????? (f, S′)???? S′ ⊆ S????
(f, S)? f ???????????????????????????????????
????????????????? Vp = ∅?????????????????K = ∅
?????????????
?? ???? 1.2?????????????????????u1?????????
???????????????
• f(u1) = s1? {(u2, p1), (u3, c2), (u3, c3)}
• f(u1) = s2? {(u2, p2), (u3, c5)}
3.2 ????????
???????????????????????????????????????
????????????????????????????????????????
?????????? [5]????QuickSI [9]???????????????????
????QuickSI?????????????????? [5]?????????????
???????????????????????????
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3.2.1 ??????????????
P ?????????G???????????P ????????????????
???P ????????????????QuickSI????????P ???????G
?????????????????????????Prim??????????? P ?
????????????????????????????????????????
???????????????????????????? SEQ?????SEQ??
???Ti.node?????Ti.parent? Ti.node??????Ti.dir? Ti.parent? Ti.node?
????????Ti.l??????????????SEQ??????Rj ??????
???Rj ?????????????????????? P ?????????????
????????? 3.1???????????? P ???? SEQ?? 3.1??????
? SEQ??????????????? u1, u2, u3, u4???????????????
u1 u2
u4
u3
a
b
c
d
12
10
8
15
? 3.1: ??????????? P
? 3.1: ? 3.1????????? SEQ
Type Ti.node [Ti.dir, Ti.l, Ti.parent]
T0 u1
T1 u2 [in, a, u1]
T2 u3 [in, b, u2]
T3 u4 [out, c, u2]
R1 u4 [out, d, u3]
3.2.2 ?????????
Algorithm 1????????? HybridMatch????P = (Vp, K,Ep)???????
??G = (V,E)????????????????? u ∈ K ∪ Vp???? VT ? SEQ?
?????3????????????? w(e)????? P ?????????????
????????????????????? SEQ??????4?7?????????
?????????????? SEQ??????8?9??????????? Search?
?????P ?G??????? (f, S)??????13????
??????????????? Search??? (Algorithm 2)????? S?????
(u, v) ∈ S????v ∈ S(u)????Search?????????????????????
??????S???????????????????????????????S?
????????????????????????????? u′ l→ u ∈ Ep????
v ∈ S(u)???? E? v′ ∈ S(u′)????? v′ l→ v????????v????????
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Algorithm 1 HybridMatch
Input: ??????????? P = (Vp,K,Ep), ?????? G = (V,E)
Output: P ? G???? (f, S)
1: Initialize SEQ to an empty table
2: VT := ∅
3: Choose a node u ∈ K ∪ Vp, add u to VT , and add u to SEQ
4: while |VT | ̸= |Vp|+ |K| do
5: P := {e | e ∈ Ep such that e.u ∈ VT ∧ e.u′ /∈ VT }
6: Select an edge e ∈ P such that w(e) is minimum in P
7: Add e to SEQ, VT := VT ∪ {e.u′}
8: for each e ∈ Ep\SEQ such that e.u ∈ K ∧ e.u′ ∈ K do
9: Add e to SEQ as an extra edge
10: Let f be an empty function
11: S := ∅
12: d := 0
13: Search(P,G, SEQ, f, S, d)
????????????? u′ l→ u ∈ Ep?????v′ ∈ S(u′)???? E? v ∈ S(u)?
???? v′ l→ v????????v′??????????
Search??G????????? P ???????????????d???????
??????????d = |Vp|+ |K|????????????????????????
??Search??????????1?8????????SEQ?????????????
???G????????????????????????????????????
??????????????2?4???????f ???????????? S???
???DeleteDangling(Algorithm 4)???? S??????????????5?6????
???????? (f, S)????????8???????d < |Vp|+ |K|??????
FilterCandidates(Algorithm 3)??????SEQ???? d?????? u??????
????????? C(u)?????????????11????
• d? 0????FilterCandidates? labin(u) ⊆ labin(v) ∧ labout(u) ⊆ labout(v)??? v
???????3?5????
• v′ ∈ V ? upar?????????????d? 0????????FilterCandidates?
v′, v????????????? upar, u????????? v???????6?16
????
C(u)?????????Search????????? d?????? u?????????
?????????? v ∈ C(u)??????????f(u) = v?????Search????
????????????f ?????????14?16???????u????????
??????C(u)????? S?????Search????????????????S?
????????18?20????
??? DeleteDangling??????????????????????? u ∈ Vp???
????????? S(u)???????2?5?????????????? v? S(u)??
????????v????????????????????????????????
???????????????????????????????????6?15????
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Algorithm 2 Search(P,G, SEQ, f, S, d)
1: if d = |Vp|+ |K| then
2: for each extra edge u l→ u′ ∈ SEQ do
3: if f(u) l→ f(u′) /∈ E then
4: return
5: S := S\{(u, v) ∈ S | f(u′) = v for every u′ ∈ K}
6: DeleteDangling(P,G, f, S)
7: if S(u) ̸= ∅ for every u ∈ Vp then
8: report (f, S)
9: else
10: u := Td.node ∈ SEQ
11: C(u) := FilterCandidates(P,G, SEQ, f, S, d)
12: if u ∈ K then
13: for each v ∈ C(u) such that v is not yet matched do
14: f(u) := v
15: Search(P,G, SEQ, f, S, d+ 1)
16: f(u) := nil
17: else
18: S := S ∪ {(u, v) | v ∈ C(u)}
19: Search(P,G, SEQ, f, S, d+ 1)
20: S := S\{(u, v) | v ∈ C(u)}
3.3 ????????????????
???????????????????????????????????????
??????
?? 1. R????????? P = (Vp, K,Ep)???????G = (V,E)????
HybridMatch????????????(f, S) ∈ R???????(f, S)? P ?G??f ?
???????????????????
?????? (fm, Sm)? P ?G???????? fm = f ?? Sm ⊆ S????(f, S)
? (fm, Sm)???????
⇐) HybridMatch???? u ∈ K ∪ Vp?????u??????? V ?????
FilterCandidates??????????????? P ?G???? (fm, Sm)??????
(fm, Sm)??? (f, S)? DeleteDangling???????????Search????????
??DeleteDangling???? S????????????(f, S)????????????
??????????(f, S′)? (f, S)? DeleteDangling???????????????
?????
Sm ⊆ S′ ⊆ S. (3.1)
(f, S′)???????????????S′? f ???????????????????
???(f, S′)? P ?G??????(fm, Sm)?????????(3.1)??????S′?
Sm??????
⇒) ?????????? DeleteDangling?????????????? (f, S) ∈ R?
P ?G?????????DeleteDangling? (f, S)?????????????????
?????????????(f, S)??????? 2
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Algorithm 3 FilterCandidates(P,G, SEQ, f, S, d)
Input: ??????????? P = (Vp,K,Ep), ??????G = (V,E), ?? f : K → V , ??
?? S ⊆ Vp × V , ?? d
Output: u??????????????? C(u)
1: T := Td ∈ SEQ
2: u := T.node, upar := T.parent
3: if d = 0 then
4: C(u) := {v ∈ V | labin(u) ⊆ labin(v) ∧ labout(u) ⊆ labout(v)}
5: return C(u)
6: if upar ∈ K then
7: if u l→ upar ∈ Ep then
8: C(u) := {v | v l→ f(upar) ∈ E}
9: else if u l← upar ∈ Ep then
10: C(u) := {v | v l← f(upar) ∈ E}
11: else
12: if u l→ upar ∈ Ep then
13: C(u) := {v | v l→ v′ ∈ E ∧ (upar, v′) ∈ S}
14: else if u l← upar ∈ Ep then
15: C(u) := {v | v l← v′ ∈ E ∧ (upar, v′) ∈ S}
16: return C(u)
???HybridMatch??????????????HybridMatch? 13????????
? Search???????????????????Search??????? HybridMatch?
???????????Search?G?????????????????????
|Vp|+ |K|????11??? C(u)????????V in(l)???? l?????????
?????????ΣP ? P ??????????????
V inPL = max
l∈ΣP
|V in(l)|.
????V out(l)???? l??????????????????
V outPL = max
l∈ΣP
|V out(l)|.
????
VPL = max(V inPL, V outPL )
??????FilterCandidates????????????? u?????u? upar????
? l??????????????|C(u)| ∈ O(VPL)???????? u ∈ K ????15
??? Search?O(VPL)???????Search???????O(V |K|PL )???????
Search? 11???????O(VPL)????? FilterCandidates??????????
Search? 6??? DeleteDangling?????O(VPL · V |K|PL )??????
DeleteDangling????????v???????????? v???????????
???????????6??? while????O(|E|)??????8???? 12???
for????O(VPL)????????? v???????????????O(VPL)??
????????8?? 15???O(V 2PL)????????? DeleteDangling?
O(|E| · V 2PL)????????????????HybridMatch????????
O(V |K|+1PL + |E| · V 2PL)
9
Algorithm 4 DeleteDangling(P,G, f, S)
1: Q := ∅
2: for each u ∈ Vp do
3: if S(u) contains a dangling node then
4: Sold(u) := S(u)
5: Delete every dangling node from S(u), and add u to Q
6: while Q ̸= ∅ do
7: Delete a node u′ from Q
8: for each v′ ∈ Sold(u′)\S(u′) and each v′ l→ v ∈ E such that u′ l→ u ∈ Ep ∧ (u, v) ∈ S do
9: if v becomes dangling then
10: Sold(u) := S(u)
11: Delete v from S(u) and add u to Q
12: for each v′ ∈ Sold(u′)\S(u′) and each v l→ v′ ∈ E such that u l→ u′ ∈ Ep ∧ (u, v) ∈ S do
13: if v becomes dangling then
14: Sold(u) := S(u)
15: Delete v from S(u) and add u to Q
????????????????????
?? 2. ??????? P = (Vp, K,Ep)???????G = (V,E)?????
HybridMatch???????
O(V |K|+1PL + |E| · V 2PL) (3.2)
????
?????????????
1. ?? c???? |K| ≤ c????HybridMatch????????????
2. |K| ∈ O(log |Ep|)????HybridMatch?????????????
??????????????????????K??????K?????????
???K ? P ????????????Vp = ∅???????????????????
???NP?????????????????K ?????????????
HybridMatch?????????????????????????K ????????
??????????????????????????????????????
?????????????????????????????????????????
????????????????HybridMatch??????????????????
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?4? ??????????
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????
?????????????????????????? [2]?????????? [2]
????????????????????????????????????????
????????????????????????????????????????
????????????????????? [2]??????????????????
???????????????????????
4.1 ??
????? k????????????????? u l−→
k
u′ ∈ Ep?????????
u′ ∈ Vp?????????????????????????????????????
????????????????????????????????????????
????????? 1? 1????????????????????????????
?? k???????????????∗??????????????????????
??? P = (Vp, K,Ep)???????G = (V,E)?????????????????
????? k???????????3????????? (f, S)??????????
??(f, S)? P ?G??????
• ???? u l−→
k
u′ ∈ Ep???????????????
– u ∈ K ????f(u) = v???? (u′, v′) ∈ S???????? k??????
??????? l????? (v, . . . , v′)??????
– u ∈ Vp????? (u, v) ∈ S????? (u′, v′) ∈ S???????? k????
????????? l????? (v, . . . , v′)??????
• ???? u′ l−→
k
u ∈ Ep???????????????
– ? (u, v) ∈ S?????f(u′) = v′ (u′ ∈ K???) ??? (u′, v′) ∈ S (u′ ∈ S?
??)???????? k????????????? l????? (v′, . . . , v)?
?????
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4.2 ??????
???????????????????????????????????????
?????????????? 3?????????????????????????
????
FilterCandidates(Algorithm 3)??????????????????????????
?? k????????????k = 1?????????9?10???????????
????
else if u l←−
k
upar ∈ Ep
C(u) := {v | there is a path p = (f(upar), . . . , v) in G such that p.length ≤ k}
12?15???????????????
if u l−→
k
upar ∈ Ep then
C(u) := {v | there is a path p = (v, . . . , v′) in G such that p.length ≤ k ∧ (upar, v′) ∈ S}
S := S ∪ {(upar, v′) | there is a path p = (v, . . . , v′, . . . , v′′) in G such that p.length ≤ k ∧
(upar, v′′) ∈ S}
else if u l←−
k
upar ∈ Ep then
C(u) := {v | there is a path p = (v′, . . . , v) in G such that p.length ≤ k ∧ (upar, v′) ∈ S}
Search(Algorithm 2)?4??? 5????????????????
for each edge u l−→
k
u′ ∈ Ep that does not appear in minimumm spanning tree do
if u ∈ K then
S := S ∪ {(u′, v) | there is a path p = (f(u), . . . , v, . . . , v′) in G such that p.length ≤
k ∧ (u′, v′) ∈ S}
else
S := S∪{(u′, v′) | there is a path p = (v, . . . , v′, . . . , v′′) in G such that p.length ≤ k∧(u, v) ∈
S ∧ (u′, v′′) ∈ S}
DeleteDangling(Algorithm 4)???????????????????????????
??????????u′ l−→
k
u ∈ Ep?????v ∈ S(u)?????v′ = f(u′)????
v′ ∈ S(u′)?? v′?? v???? k?????????????? l??????????
??? v??????????
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?5? ????
??????????????????????Intel Xeon E5-2623 v3 3.0GHz CPU?
16GB RAM?2TB SATA HDD?Linux CentOS 7 64bit ???????????????
Ruby?????
5.1 ???????????
????????????????????????????????????????
????????????? 2??????
• SP2Bench [8]?DBLP?????RDF????????????????????
?????????? 5??????? 5.1a???????????
• DBPedia??Wikipedia???????????????????????????
??????http://benchmark.dbpedia.org/ ???????????????
?????????????????????????? 4??????? 5.1b??
?????
?????????????????????SP2Bench?DBPedia?????????
????????????????????????????????????????
?????????????????SP2Bench?DBPedia???????? 4?6?8?
10???????????????????? 10????? 40???????
? 5.1: SP2Bench?? DBPedia?????????
(a) SP2Bench
|V | |E| size (MB)
1 30,794 50,168 5.1
2 61,107 100,073 10.2
3 91,223 150,010 15.4
4 121,201 200,125 20.6
5 150,921 250,128 26.0
(b) DBPedia
|V | |E| size (MB)
1 32,310 50,000 9.9
2 60,831 100,000 19.8
3 167,188 300,000 58.5
4 265,844 500,000 97.0
5.1.1 ???????????????
???????????????????????????????????????
???????????????????????????????? 2?????
• ??????????????????????????????????????
??????????????????????????????????????
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?????????????????????????????????????
QuickSI [9]?????????????????????????????????
??????? QuickSI???????????????????????????
???????????????????????????? QuickSI-AG????
• Dual Simulation: ???????????????? [6]? Dual Simulation ???
???
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? 5.2: ????????????????? (DBPedia)
?????????K ???????? (|K| = 3)?????? 40?????????
???? HybridMatch?QuickSI-AG?????DualSimulation????????????
????|K| = 3???????????K ????????????????????
? 5.1?? 5.2???????x??????????|E|?????24????????
??????????????DNF????????SP2Bench??????????
??HybridMatch???QuickSI-AG?????????Dual Simulation????????
??????????DBPedia????????????QuickSI-AG?????????
??DNF?????????Dual Simulation???????????????????
???????????????
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5.1.2 ???????????
???K ???????????????????????????????????
???????????
• SP2Bench??????????? 250,128?????????|K|??? 0?? 10
?? 2??????? HybridMatch??????40???????????????
?????????
• DBPedia??????????? 50,000?????????|K|??? 0?? 4??
????? HybridMatch??????40????????????????????
????|K| ≥ 5????????????? HybridMatch? 24?????????
?????????
? 5.3?? 5.4???????????x????????? P = (Vp, K,Ep)????
|K|?????????????????????|K|????????????????
?????????????? (3.2)?????????????
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? 5.3: ????????????????? (SP2Bench)
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??????????????SP2Bench?????DBLP????????????
??????????DBPedia??????????????????????????
???????????????HybridMatch???????????????????
??SP2Bench??????????HybridMatch? 25???????????????
DBPedia????????? |K| ≥ 5????? 24?????????????????
??????HybridMatch?????????????????????????K ??
?????????DBPedia?????????????????????????K?
????????????????????????????????????????
????????????????????????????????????????
???????
5.2 ??2????????
???????????????????????????????????????
????????????????????
• ?? 1?????SP2Bench? 5???????????????SP2Bench????
??????????????????????????????Article?????
??reference????????????????????????????5????
???????????????? 11825?33965?56448?78850?100725????
• http://netsg.cs.sfu.ca/youtubedata/ ??YouTube????????????
? 4?????????????????????????????????????
4???????????????? 10651?51894?93362?139141????
???????????????? 5.5?? 5.6????? 5.5???????????
????????????????? 2??????????????????????
? 5.6??????????????????????????????????? 2??
????????????????????Article??????Video?????????
???????????????????????????????????????
YouTube?????????????????? 5.6??????????????Video
????????????????????????????????????????
????Rate???? 4.8???????????????? 5.7?? 5.8???????
? 5.5: SP2Bench??????????? ? 5.6: YouTube???????????
???????????HybridMatch???????????????????????
5.1?? 5.2???????????????????????????????????
????????????????????????????????
16
? 5.7: ????????????????? (SP2Bench)
? 5.8: ????????????????? (YouTube)
17
?6? ???
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????
???????????????????????????????????????
??????????????????????QuickSI??????????????
????????????????
18
??
???????????????????????????????????????
????????
19
????
[1] Bi, F., Chang, L., Lin, X., Qin, L. and Zhang, W.: Efficient Subgraph Matching by
Postponing Cartesian Products, Proceedings of the 2016 International Conference on
Management of Data, SIGMOD ’16, pp. 1199–1214 (2016).
[2] Fan, W., Wang, X. and Wu, Y.: Incremental Graph Pattern Matching, ACM Trans.
Database Syst., Vol. 38, No. 3, pp. 18:1–18:47 (2013).
[3] He, H. and Singh, A. K.: Graphs-at-a-time: Query Language and Access Methods for
Graph Databases, Proceedings of the 2008 ACM SIGMOD International Conference
on Management of Data, SIGMOD’08, pp. 405–418 (2008).
[4] Henzinger, M. R., Henzinger, T. A. and Kopke, P. W.: Computing Simulations on
Finite and Infinite Graphs, Proceedings of the 36th Annual Symposium on
Foundations of Computer Science, FOCS’95, pp. 453–462 (1995).
[5] Lee, J., Han, W.-S., Kasperovics, R. and Lee, J.-H.: An in-depth comparison of
subgraph isomorphism algorithms in graph databases, Proceedings of the 39th
international conference on Very Large Data Bases, PVLDB’13, pp. 133–144 (2013).
[6] Ma, S., Cao, Y., Fan, W., Huai, J. and Wo, T.: Strong Simulation: Capturing
Topology in Graph Pattern Matching, ACM Trans. Database Syst., Vol. 39, No. 1, pp.
4:1–4:46 (2014).
[7] P. Cordella, L., Foggia, P., Sansone, C. and Vento, M.: A (Sub)Graph Isomorphism
Algorithm for Matching Large Graphs, IEEE Trans. Pattern Anal. Mach. Intell.,
Vol. 26, No. 10, pp. 1367–1372 (2004).
[8] Schmidt, M., Hornung, T., Lausen, G. and Pinkel, C.: SP2Bench: A SPARQL
Performance Benchmark, ICDE’09, pp. 222–233 (2009).
[9] Shang, H., Zhang, Y., Lin, X. and Yu, J. X.: Taming verification hardness: an
efficient algorithm for testing subgraph isomorphism, Proceedings of the VLDB
Endowment, Vol. 1, No. 1, pp. 364–375 (2008).
[10] Ullmann, J. R.: An Algorithm for Subgraph Isomorphism, J. ACM, Vol. 23, No. 1,
pp. 31–42 (1976).
[11] ????, ???, ????, ????: ????????????????????
??, DEIM 2018, I7-4 (2018).
20
